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Abstract
Advanced ceramic materials have been extensively used in aerospace, automobile and other
industries. However, the reliability of the advanced ceramics is the major concern because of the
brittle nature of the materials. This work aims to model silicon nitride ceramics using Discrete
Element Method (DEM) and simulating the crack formation and propagation. DEM software
package PFC2D is used to simulate indentation test and four point bending test on silicon nitride
ceramics and the behaviour of crack formation and propagation is identified. The numerical
representation of ceramic materials is done by generating a densely packed particle system using
the specimen genesis procedure and then applying the suitable microparameters to the particle
system. Indentation test has been performed on the sample with different loading forces and the
width and depth of cracks generated have been studied. Four point bending test has been
simulated and the fracture origins has been identified. Simulation of four point bending test is
performed on sample having no defects, sample having manufacturing-induced defects like
cracks, and sample having material-inherent flaws like voids. For the above cases the initiation
and propagation of defects is simulated and the mean contact force on the loading ball is also
obtained and plotted. The simulation prediction results are well in accordance with the
experimental nondestructive testing results.
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Chapter 1: Introduction
Advanced ceramics are supposed to be more beneficial than many metals in engineering
applications because of their material properties like lower density, good shock resistance, higher
hardness, lighter weight, superior strength at higher temperatures, higher wear and corrosion
resistance, lower thermal expansion and good chemical resistance [1]. Due to these properties
ceramics can provide a robust solution for many engineering application. During these days
silicon nitride ceramics are being used for many engineering purposes like making blades of
turbine, engine components, bearings for high speed spindles, cutting tools, welding jigs and
fixtures, welding nozzles etc. Ceramics if used in manufacturing engine components can improve
fuel economy, reduce emission and extend component life. Ceramic bearings have less friction
and therefore, less heat loss in comparison to metal bearings [2]. Ceramics are also being used in
aerospace industry due to their advantageous physical properties [3].
Due to growing industrial demand of ceramics and need for good machining accuracy and
better surface finish of the ceramics, many machining technologies have been developed.
Experimental researches have been done to study the machining processes on ceramics like
grinding [4 – 6], scratching test [7 – 9] and single point diamond turning [10 – 12]. Other than
these experimental researches many theoretical and numerical methods have been developed
such as continuum damage mechanics [13] and finite element method [14].
During various machining processes of ceramics, sub-surface damage like micro-cracks are
caused. It is very difficult to experimentally measure the formation of these cracks and therefore
it is essential to employ a numerical simulation method to study the initiation and propagation of
the cracks during machining processes in order to have a better understanding of the formation of
the subsurface damage.
1

The micro-structure of ceramics consists of crystal particles and pores, and the ceramic
materials can be treated as an assembly of discrete particles bonded together randomly and the
inter granular fracture of the ceramics can be represented by the separation of the particles due to
breakage of bonds. This is the concept that has been used in discrete element analysis to
successfully simulate different materials like rocks [15].

1.1 Research Objective
Silicon nitride ceramics are also widely used in semiconductor industries for making
Integrated Circuits (IC). These IC chips are used in critical components in machines like
aircrafts, spacecrafts, earth movers etc. and the IC chips are very important for these systems.
While operating, these systems generate very high vibrations which can lead to the failure of the
ICs, which in turn can cause the failure of the whole system. So it is important to study the
mechanical properties of silicon nitride before production of these ICs and test these ICs for any
defects before they are put into use.
Among the mechanical properties, hardness is a very important property since it determines
the material’s resistance to shape change when force is applied. In order to determine the
hardness of a material normally indentation test is performed [16 – 17]. Indentation Test can also
be used to estimate surface stress [18]. Ceramics are brittle in nature and breaks easily when
loaded to perform the indentation test. To prevent the ceramic from breaking, ultra-low-load
indentation has to be done and such ultra-low-load indentation test makes it difficult to obtain a
direct measurement of the contact area [19]. Therefore it is necessary to develop some numerical
methods to simulate the indentation test.
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Fracture strength is another important mechanical property which determines the maximum
loading the material can withstand before fracture. Four – point bending test is used very often to
test the fracture strength of a material [20 – 23].
This research aims to study these important mechanical properties of silicon nitride ceramics
using the PFC2D software package, and investigate crack formation and propagation in
indentation test and four point bending test. The applied force is also studied.
1.2 Thesis Organization
This thesis consists of seven chapters. The first chapter gives the introduction and thesis
objective; the second chapter presents some literature review; the proposed methodology –
discrete element method is described in Chapter three. Simulation procedures and results of
indentation test is presented in chapter four, Chapter five simulation of four point bending test.
The simulation results and experimental results are discussed in the sixth chapter and
conclusions and summary of contributions are drawn in chapter seven.

3

Chapter 2: Literature Review
2.1 Discrete Element Method (DEM)
Discrete element method was introduced by Cundall (1971) for the analysis of rock
mechanics problem. Rock was represented as a dense packing of non – uniform particles that
were bonded at their contact points and the mechanical behaviour was simulated using DEM
[24]. DEM modelling of rock was also used to simulate a loading – type failure around an
underground excavation in brittle rock. And it was shown that PFC2D was capable of simulating
the localization behaviour of the rock and it was able to reproduce the damage zone observed in
the laboratory test using PFC2D [25]. The DEM model of the rock generated by PFC2D has been
implemented in studying the stability of heavily joined rock slopes and also used to simulate the
inelastic rock impact [26 - 27]. The behaviour of granular assemblies of elliptical particles with
wide range of eccentricities has been studied by DEM [28].
DEM has also been used simulate soil mechanics, DEM model of soil has been used to study
different factors of the soil and analyzing the mechanical behaviour of the soil in the presence of
external forces, and the results of the DEM model were consistent with the experimental data
[29]. DEM model of soil has also been used to study the interaction of soil with machines used
for agricultural purposes, e.g. the interaction of cutting blade with the soil [30].
Recently, DEM has been used to measure the fracture toughness of materials. Fracture
toughness of a material is the property of the material which quantifies the resistance to crack
extension. DEM model was used to simulate the phenomena of fracture and the fracture
toughness was measured [31].
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DEM is also used to study fracture mechanics of continuous media like concrete [32] and
modelling of fracture and damage in the machining process of poly crystalline SiC. DEM model
of poly crystalline SiC was generated by using PFC2D and the different machining process was
done on the DEM model. The cracks formation and crack propagation was simulated with the
help of the DEM model of SiC and it was found that the cracks formed are in accordance to the
actual experimental results [33]. DEM has also been used to model thermally fractured Graphite.
A numerical model of heated graphite was developed using DEM and the process of fracture in
graphite due to heat was simulated. In this process not only the mechanical properties but the
thermal properties were also considered. The results of the numerical method were well in
accordance with the experimental results [34]. DEM assumes that a sample is made up of small
discrete elements which are contained in the sample boundary. These small particles are assumed
to be rigid and are in contact with other particles over a vanishingly small area. The soft –
contact approach is applied at the contacts, wherein the rigid particles are allowed to overlap one
another at contact points. The magnitude of overlap is small in relation to particle size and is
related to contact force which is determined from the overlap and relative movements of the
particle pair according to a specified force – displacement law [35].
The calculations in DEM apply Newton’s second law of motion to the particles and force
displacement law at the contacts. Newton’s second law is applied to determine the motion of
each particle and the force displacement law is applied to update the contact forces arising from
the relative motion of each particle at the contacts.

5

2.2 Silicon – Nitride Ceramics
Pure silicon nitride is difficult to produce as a fully dense material. There are various
processes which are used to fabricate silicon nitride, this fabrication methods influence the
mechanical properties of the silicon nitride to a great extent. The microstructure and mechanical
properties of porous silicon nitride ceramics depended mostly on the size of starting powders
[36]. The three main types of silicon nitrides include Reaction bonded silicon nitride (RBSN),
Hot pressed silicon nitride (HPSN) and Sintered silicon nitrides (SSN).
Reaction bonded silicon nitride (RBSN) is made by direct nitridation of a compacted silicon
powder at about 1450oC. During this process silicon – nitride grows in the porosity in the
compact. The nitridation produces only a small volume change, and is accompanied by increase
in density, which means that RBSN components do not need to be machined after fabrication and
complex shapes can be produced in a single process stage. The disadvantage of this process is
that the final product is highly porous and the reaction bonded silicon nitrides are less dense than
hot pressed and sintered silicon nitride. Usual densities of RBSN are in the range 2300 –
2700kg.m-3 compared with 3000 – 3200kg.m-3 for hot pressed and sintered silicon nitride. The
nitridation produces only a small volume change, which means that RBSN components do not
need to be machined after fabrication and complex shapes can be produced in a single process
stage.
Hot pressed silicon nitride (HPSN) is made by adding a flux (usually magnesia) to a fine
Si3N4 powder and then pressing the powder in a graphite die typically at 1800°C and 40MPa of
pressure. This results in production of fully dense HPSN with excellent mechanical properties.
Due to its higher density HPSN materials have better physical properties and so they are used in
more demanding applications. But HPSN parts tend to be expensive.
6

Sintered silicon nitrides (SSN) are a development on RBSN aimed at reducing the final
porosity of the product and therefore improving its mechanical properties. This is achieved by
adding sintering additives to the starting powder mix which allows the material to be sintered
after the reaction–bonding stage. The starting raw materials for SSN principally is silicon metal.
Silicon metals are relatively cheap compared to high quality silicon nitride powders and so SSN
is cheaper to manufacture than both HPSN and RBSN.
Sintered silicon nitrides (SSN) are densified by pressure – less sintering in a nitrogen
atmosphere at around 1750°C. In order to aid densification, various combinations of sintering
additives such as yttrium oxide, magnesium oxide and aluminum oxide are used. Where there is
an addition of an aluminum containing additive the sintered material can be classed as a sialon.
Sialons are ceramic alloys based on the elements silicon, aluminum, oxygen and nitrogen and the
term is often used interchangeably with SSN. SSN and sialon generally offer the best mechanical
properties available for a silicon nitride and are the most widely used in industrial applications
such as molten metal handling, industrial wear, metal forming, the oil and gas industries and the
chemical and process industries.
Silicon nitride (Si3N4) has the strongest covalent bond properties next to silicon – carbide.
Silicon nitride is used as a high temperature structural ceramic due to superior heat resistance,
strength, and hardness. The wear and corrosion resistance in silicon nitride are excellent and so it
is used in heat exchangers, vessels for chemical reactions, engines and gas turbine components
[37 – 38]. Silicon nitride ceramics are widely used in optical and semiconductor industries.
Silicon nitride ceramic is also used to make bearings to be used in Total hip arthroplasty (THA),
and it has been mechanically tested that silicon nitride ceramic has a better fracture toughness
and fracture strength over alumina ceramics [39].
7

There are three crystallographic structures of silicon nitride namely α, β and γ phases. The α
and β phases are the most common forms of Si3N4, and can be produced under normal pressure
condition. The γ phase can only be synthesized under high pressures and temperatures and has a
hardness of 35 GPa. α phase has a trigonal structure and β phase has a hexagonal structure.

Figure 2.1: Structure of α and β silicon nitride

The important advantage of Si3N4 is the ability to tailor their microstructures and properties,
by controlling the α to β phase transformation that occurs during sintering at high temperature of
the mostly α phase original Si3N4 powders [40-42].
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Chapter 3: Proposed Methodology

3.1 Particle Flow Code In Two Dimensions (PFC2D)
PFC2D is a software package used to simulate the mechanical behavior of a system which is
considered to be comprised of distinct elements. These distinct elements in the system move
independently from one another and interact at the contacts. These elements are assumed to be
rigid and the mechanical behavior of the system is described in terms of the movement of each
element and the inter-particle forces acting at each contact point. To simulate crack formation in
the system the elements are bonded together at the contact points such that when the interparticle forces acting at any bond exceed the bond strength the bond breaks. There are two types
of bonds which forms in the system, contact bonds are formed between elements which are in
contact, and parallel bonds are formed between particles which are not in contact but are in close
proximity.
The following are the assumptions in PFC2D [35].
The particles are treated as rigid bodies.
The contact occurs at a vanishingly small area (i.e. at a point).
Behavior at the contacts uses a soft-contact approach, wherein the rigid particles are
allowed to overlap one another at contact points.
The magnitude of the overlap is related to the contact force via the force-displacement
law, and all overlaps are small in relation to particle size.
Bonds can exist at contacts between particles.

9

All particles are circular. However the clump logic supports the creation of superparticles of arbitrary shape. Each clump consists of a set of overlapping particles that act
as a rigid body with a deformable boundary.
The model of the system formed by PFC2D is two dimensional and consists of twodimensional circular particles. Only two force components and one moment component exists in
the PFC2D model. The out of plane force component and the two in plane moment components
are not considered.
The particles are considered as rigid bodies and deformation in the physical system is due to
movements along the interfaces. It is assumed that the deformation results primarily from the
sliding and rotation of the particles as rigid bodies and the opening and interlocking at the
interfaces and not from individual particle deformation.
Other than the circular particles, the PFC2D particle – flow model also includes “walls”.
Walls allow the user to apply velocity boundary conditions to assemblies of balls for purposes of
compaction and confinement. Interaction between the particles and the walls take place due to
the forces arising at the point of contact of the particles with the walls. The motion of the
particles is governed by the laws of motion and each particle satisfies the laws of motion,
whereas the equation of motion is not satisfied for the walls. The forces acting on the wall does
not influence the motion of the wall. But the motion of the walls depends upon the parameters
entered by the user. Figure 3.1 shows the sample generated in PFC2D, the boundaries of the
sample are denoted by the walls and the particles are denoted by the balls.
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Figure 3.1: Sample generated by PFC2D.

3.2 Distinct – Element Method
Distinct – Element method (DEM) is used in PFC2D to model the movement and interaction
of stressed assemblies of rigid circular particles. In DEM the particle interactions are treated as
dynamic process and whenever the internal forces are balanced a state of equilibrium is reached.
By tracing the movements of the individual particles the contact forces and the displacements of
the particles are calculated. Movement of the particles results from the disturbances caused by
the walls or particle motion. This dynamic behaviour of the interaction between the particles and
the interaction between the particles and the walls are represented numerically by an explicit
time stepping algorithm, using a central – difference scheme to integrate accelerations and
velocities. The time step chosen in DEM is so small that during a single time step, the
disturbance created by a particle or a wall can only propagate to its immediate neighbors and not
beyond that. Then at all times the forces acting on any particle are due to its interaction with the
particles with which it is in contact.
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The calculations that are performed in the DEM alternate between the applications of
Newton’s second of motion and a force – displacement law at the contacts.
ntacts. Newton’s second law
of motion is used to determine the motion of each particle arising from the contact and the body
forces acting upon it, while the force – displacement law is used to update the contact forces
arising from the relative motion at each contact.

Force-Displacement
Displacement Law

Newton’s Second Law of
Motion

Figure 3.2: Calculation cycle in PFC2D.

3.3 Bonding Models
In PFC2D generated sample the particles are bonded together at contacts. There are two types
of bonding models supported by PFC2D the contact – bond model and the parallel – bond model.
The bonds in PFC2D can considered as a kind of glue joining the two particles. The contact bond
is of vanishingly small size that acts only at the contact point. The contact bond can only transmit
a force. The parallel bond is of a finite si
size
ze that acts over either a circular or a rectangular crosscross
section lying between the particles, the parallel bond can transmit both a force and a moment.
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3.3.1The Contact Bond Model
A contact bond can be imagined as a pair of elastic springs with constant normal and shear
stiffness acting at the contact point. These two springs have specified shear and normal strengths.
When there is no overlap between the particles a tensile force develops at the contact. The
magnitude of the tensile normal contact force is limited by the normal contact bond strength. A
contact bond is defined by two parameters they are normal contact bond strength (Fnc) and shear
contact bond strength (Fsc). A contact bond breaks when the tensile normal contact force exceeds
the normal contact bond strength as shown in Figure 3.3.
3.3.2 The Parallel Bond Model
The parallel bond can be imagined as a finite sized piece of material deposited between two
particles. The two particles here are treated as spheres or cylinders. Parallel bond can transmit
both forces and moments between particles.
.

Figure 3.3: Parallel bond depicted as a finite sized piece of material.

3.4 Specimen Genesis Procedure
The specimen genesis procedure is an inbuilt function in PFC2D, which is used to generate a
rectangular sample of the material in PFC2D. The inputs to the specimen genesis procedure are
divided into two types. The first types of inputs are those inputs which control the specimen
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genesis procedure and the second types are those which define the material which is being
simulated.
The following four steps comprise the spe
specimen genesis procedure:
Compact Initial Assembly: In this step a rectangular sample is generated according to the
length and breadth provided to the procedure, the sides of the rectangle acts as the walls of the
sample. Then this rectangle is filled with randomly generated particles of the specified size and
the radius ratio. The wall normal stiffness is set to β times the average particle normal stiffness.
The value of β is entered by the user according to the material. The sizes of the particles are
uniformly
formly distributed with specified values of minimum and maximum radii. To ensure a good
initial packing of the particles in the sample the porosity of the sample is maintained at 16% and
according to this porosity the number of particles are determined. Fo
Forr different random
arrangements different numbers of particles are generated.

Figure 3.4
3.4: Particle assembly generated after the first step
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Install Specified Isotropic Stress:
tress:

In this step the radii of all the particles are changed

uniformly to achieve a specified isotropic stress σ0, isotropic stress is defined as the mean of the
two direct stresses σx and σy.
Reduce The Numbers Of Floating P
Particles: Floating particles are those particles which have
less than three contacts, in an assembly of randomly placed particles with non uniform radius
there can be large number of floating particles. In order to get a denser network of bonds in the
bond installation step it is required to have less number of floating particles.

Figure 3.5: Floating Particles in a sample generated by PFC2D.

Finalize Specimen: In the final step of this procedure the bonds are installed in the sample.
Contact bonds are formed between particles whic
which
h are in physical contact and parallel bonds are
formed among particles which are not in physical contact but are in near proximity. Then all
particles are assigned a friction coefficient.

15

Figure 3.6: Bond network after the completion of specime
specimen
n genesis procedure

Table 3.1:: The parameters that controls the specimen genesis procedure
Symbols

Parameters
Sample height (m)

h

Sample width (m)

w

Minimum ball radius (m)

Rmin

Ball size ratio, uniform distribution

Rmax/Rmin

Wall normal stiffness multiplier

β

Locked – in isotropic stress (Pa)

σ0

Remaining floaters ratio

nf/N

Table 3.2: The microparameters that define a parallel – bonded material
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Parameters

Symbols

Ball density (kg/m3)

ρ

Ball – ball contact modulus (Pa)

Ec

Ball stiffness ratio

kn/ks

Parallel – bond radius multiplier

λ

Parallel – bond modulus (Pa)

Ec

Parallel – bond stiffness ratio

kn/ks

Ball friction coefficient

µ

Parallel – bond normal strength, mean (Pa)

σc (mean)

Parallel – bond normal strength, std. dev. (Pa)

σc (std. dev.)

Parallel – bond shear strength, mean (Pa)

τc (mean)

Parallel – bond shear strength, std. dev. (Pa)

τc (std. dev.)

3.5 Biaxial And Brazilian Test Environment
After the creation of the sample by the specimen genesis procedure it is very important to test
the sample to check if its physical properties are same to the material which is being simulated.
To test the sample we use the biaxial and Brazilian test.
3.5.1Biaxial Test
The biaxial test begins by loading the sample. The sample is loaded by moving the upper and
lower walls towards each other at some specified velocity. During subsequent loading phase the
stresses and strains are computed. During the biaxial test, the deviatoric stress, σd = σy – σx is
monitored and the maximum value of | σd | is recorded. During the test this value will initially
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increase and then decrease as the sample fails, the test is terminated when | σd | < α (σd) max. The
setup of the biaxial test is shown in figure 8.
The quantities that are monitored using this test are:
1. Stresses and strains.
2. Energy quantities.
3. Microcracks.
Upon completion of the biaxial test, the following sets of responses are received.
1. Poisson’s ratio.
2. Young’s Modulus.
3. Compressive strength.
4. Crack initiation stress.
5. The total number of normal and shear type cracks existing in the sample at peak
load.

18

Platen

Sample

Vp

y
Confining
Stress

x
h

Vp

w

Figure 3.7: Biaxial Test

3.5.2 Brazilian Test
In the Brazilian test the sample is trimmed into a circular shape that is in contact with the
lateral walls, the lateral walls are then moved towards each other with a specified velocity in
steps. During this test the average force acting on the lateral walls are monitored. During the test
the force will initially increase to some maximum value and then will decrease as the sample
fails. The test is terminated when F < α*F max. The Brazilian test setup is shown in figure 9.
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Upon completion of the Brazilian test the following set of responses are received:
1. The peak force
2. The total number of normal and shear type of cracks existing in the specimen at
peak load.

Sample

Platen
y
Vp

x

w
Figure 3.8: Brazilian test
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Chapter 4: Indentation Test
4.1 DEM Modeling of Indentation Test
The PFC2D software package has been utilized to create a DEM model for the simulation of
Indentation test on silicon nitride ceramics. The specimen genesis procedure was used to
generate the sample of the silicon-nitride ceramic to perform the Indentation test. The
dimensions of the specimen generated used for simulation were 7 mm height and 25 mm in
length. The microparameters used to generate the specimen in the PFC2D are given in the Table
4.1 [43]. The sample generated has been shown in Figure 4.1. For the Indentation test the loading
ball had a radius of 2.25 mm and is placed at the top of the specimen as shown in Figure 4.2. A
wall was placed above the loading ball and was accelerated to simulate the force on the loading
ball.

Figure 4.1: Sample generated by PFC2D for indentation test
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To simulate the different forces on the loading ball, the loading ball was subjected to different
accelerations, and to do that the loading ball was moved in negative Y – direction from an initial
zero velocity to a specified final velocity. This final velocity of the loading ball was achieved in
many steps and in many cycles. Here in this simulation three different final velocities has been
used to simulate different applied force, the velocities considered are 2 m/s, 3 m/s and 5 m/s.

Figure 4.2: Indentation test setup.
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Table 4.1: Microparameters used in the program to simulate sample for Indentation test.
Microparameters

Values

Density

3200 kg/m3

Ball-Ball contact modulus

220e9 Pa

Ball Stiffness ratio (kn/ks)

1.3

Parallel-bond radius multiplier

1.0

Parallel-bond modulus

220e9 Pa

Parallel-bond stiffness ratio

1.3

Ball friction coefficient

0.4

Parallel-bond normal strength, mean

1400e6 Pa

Parallel-bond normal strength, std. dev

280e6 Pa

Parallel-bond shear strength, mean

1400e6 Pa

Parallel-bond shear strength, std.dev.

280e6 Pa

4.2 Results of Indentation Test
The Indentation test was performed using three different forces, which were simulated by
three different final velocities and the depth and width of crack was studied. Also the force
applied by the loading ball is plotted.
4.2.1 Final Velocity 2 m/s
The cracks formed when the loading ball is accelerated from zero initial velocity to final
velocity of 2 m/s is shown in figure 4.3. The cracks are shown in black color. Figure 4.4 shows
the corresponding force diagram.
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Figure 4.3: Cracks formed when the final velocity of the loading ball is set to 2 m/s.

PFC2D 3.10
Step 145894 13:54:21 Thu Feb 12 2009
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11 Wall 10 Y-Force
Linestyle
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1.109e+005 <-> 1.459e+005

3.0

2.5

2.0

1.5

1.0

0.5

Rajeev Senapati
Industrial Engineering, UTEP

1.15

1.20

1.25

1.30

1.35

1.40

1.45

x10^5

Figure 4.4: The force diagram of the indentation test, when the final velocity of the loading ball is set to 2
m/s.
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4.2.2 Final velocity 3 m/s
The cracks formation in case the final velocity of the loading ball is set to 3 m/s is shown in
figure 4.5. Figure 4.6 shows the corresponding force diagram.

Figure 4.5: Cracks formed when the final velocity of the loading ball is set to 3 m/s.
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PFC2D 3.10
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Figure 4.6: Force diagram of the indentation test, when the final velocity of loading ball is set to 3 m/s.

4.2.3 Final velocity 5 m/s
When the final velocity of the loading ball is set to 5 m/s, the crack formation which is
received is shown in figure 4.7 and the corresponding force diagram is shown in figure 4.8

Figure 4.7: Cracks formed when the final velocity of the loading ball is set to 5 m/s.
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Figure 4.8: The force diagram of the indentation test, when the final velocity of the loading ball is set to 3
m/s
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Chapter 5: Four-Point Bending test using PFC2D

5.1 DEM Modeling of Four-Point Bending Test
The PFC2D software package has been utilized to create a DEM model for the simulation of
Four-Point Bending test on silicon nitride ceramics. The specimen genesis procedure was used to
generate the sample of the silicon-nitride ceramic to perform the four-point bending test. The
dimensions of the specimen generated used for simulation were 7 mm height and 25 mm in
length. The microparameters used to generate the specimen in the PFC2D are given in the Table
5.1. The sample generated has been shown in Figure 5.1. For the four-point bending test, the
inner span is 10 mm and the outer span is 20 mm. The loading balls had a radius of 2.25 mm and
were placed at the top of the specimen as shown in Figure 5.2. A wall was placed above the
loading balls and was accelerated to simulate the force on the loading balls. Two supporting balls
were placed below the sample to support the sample as another two points.

Y

X

Figure 5.1: Particle assembly generated by specimen genesis procedure in PFC2D.
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Table 5.1: Microparameters used in PFC2D simulation of Silicon nitride ceramics.
Microparameters

Values

Density

3200 kg/m3

Ball-Ball contact modulus

220e9 Pa

Ball Stiffness ratio (kn/ks)

1.3

Parallel-bond radius multiplier

1.0

Parallel-bond modulus

220e9 Pa

Parallel-bond stiffness ratio

1.3

Ball friction coefficient

0.4

Parallel-bond normal strength, mean

1400e6 Pa

Parallel-bond normal strength, std. dev

280e6 Pa

Parallel-bond shear strength, mean

1400e6 Pa

Parallel-bond shear strength, std.dev.

280e6 Pa
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Figure 5.2: DEM modeling of four-point bending test

5.2 Results of Four-Point Bending Test Using PFC2D
Based on the authors’ previous work on nondestructive evaluation of silicon nitride
ceramics, the fracture could start from the manufacturing-induced flaws like cracks, could start
from the material-inherent flaws like voids. Therefore, the four-point bending test simulation is
performed for three different cases, sample with no defects, sample with manufacturing defects,
and sample with material-inherent flaws. In all the above cases the location of the fracture origin
was determined and the force at the point where the sample fails is recorded.
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5.2.1 Sample With No Defect
Figure 5.3 shows the fracture on the sample with no apparent manufacturing-induced defects
or material-inherent flaws. A bunch of simulations have been performed for this case and it was
found that the location of fracture origin could be varying if using different particle assemblies.
Figure 5.4 shows the force diagram of the four-point bending test on this sample.

Figure 5.3: The fracture phenomenon in the sample with no defects.
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PFC2D 3.10
Step 152684 23:58:11 Sat Sep 05 2009

Job Title: Agp
View Title: Load vs step
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Figure 5.4: The force diagram of four-point bending test on the sample with no defects.

5.2.2 Sample With Material-Inherent Defect (void)
Four-Point bending test was performed on a sample with material-inherent defect. To
simulate this, a sample with a void of radius 0.3 mm was created as shown in Figure 5.5.

Y

X

Figure 5.5: A silicon-nitride ceramic sample with a void generated using PFC2D.
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Figure 5.6 shows the simulation modeling of the samples with material-inherent flaws and
the fracture of the sample by four-point bending test and Figure 5.7 shows the corresponding
force diagram.

Figure 5.6: the fracture on the sample with void.

33

PFC2D 3.10
Step 152550 16:58:41 Thu Sep 03 2009

Job Title: Agp
View Title: Load vs step
x10^6

History
22 Wall 10 Y-Force
Linestyle
0.000e+000 <-> 2.665e+006

Vs.
Step
1.198e+005 <-> 1.525e+005

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Itasca Consulting Group, Inc.
Minneapolis, MN USA

1.20

1.25

1.30

1.35

1.40

1.45

1.50

x10^5

Figure 5.7: The force diagram of four-point bending test on the sample with material-inherent defects.

5.2.3 Sample With Manufacturing-Induced Defects (Cracks)
In this part, four-point bending test has been performed on a sample with manufacturinginduced defects. Figure 5.8 shows a sample of silicon-nitride ceramic generated by PFC2D which
has some initial cracks which are assumed to have been formed due to some manufacturing
process. The simulation of the four-point bending test is shown in Figure 5.9, and Figure 5.10
shows the corresponding force diagram.
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Figure 5.8: A silicon-nitride ceramic sample with cracks generated using PFC2D.

Figure 5.9: the fracture on the sample with initial cracks.
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Figure 5.10: The force diagram of four-point bending test on the sample with manufacturinginherent defects.
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Chapter 6: Discussion
PFC2D software package was used to simulate the Indentation Test and the Four – Point
Bending Test which are difficult to perform experimentally in small samples and it is also not
feasible to do it experimentally. In the Indentation test the sub – surface damage was simulated
and also the applied force studied for three different cases. The crack formation in the sample
due to indentation test is studied and it is seen that for a larger applied force the depth and width
of the cracks formed are more.
6.1 Indentation Test
In the simulation of indentation test a DEM model of silicon nitride ceramic is created and
the indentation test is performed on the sample for three different forces. The depth and width of
the cracks formed are studied and are compared for different forces. The results obtained from
PFC2D are well in accordance with the experimental result. Figure 6.1 [44] shows the cracks
formed in three different samples when they are subjected to three different loads in indentation
test, the figure shows the Nomarski optical micrographs of the samples.

(a)
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(b)

(c)
Figure 6.1: Cracks formed with loads (a) 2000 N, (b) 3000 N and (c) 4000 N.

From the above figures it is observed that the more the applied force, the more is the depth
and width of the cracks formed in indentation test.
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6.2 Four – point bending test
In the four – point bending test the applied force was studied and the force at which the
sample fails was recorded for three different cases. The samples used for the test were a sample
with no defects, a sample with material inherent defect like void and a sample with machining
induced defects like cracks. After performance of the four – point bending test on these three
samples it was observed that the sample with no defect required the maximum amount of force to
fail. The point of crack initiation was also affected by the presence of any defects. The above
results obtained by PFC2D are well in accordance to the results obtained by Laser scattering.
Figure 6.2 shows the fracture origin in the laser scattering images and Figure 6.3 shows the
fracture strength of the sample. The images received by laser scattering shows that the fracture
origin and fracture strength is highly influenced by the presence of material inherent flaws or
machining induced flaws and the samples are fractured at the point of defect [45].
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Figure 6.2: Fracture origins in laser scattering images.

Figure 6.3: Fracture strength for the samples.
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Chapter 7: Conclusion and Contributions
From the results obtained by the simulation of the Indentation test it is observed that the
depth and width of the cracks formed in the Indentation test depends on the applied force, as the
force is increased the depth and width of the cracks increases. The results obtained from the
simulation of the Indentation test are well in accordance with the experimental results.
From the results obtained by the simulation of the four-point bending test it is observed that
the sample with no pre-existing defect requires the maximum amount of force to fail. And the
point of crack initiation is also affected by the presence of any kind of defect. The results
obtained are well in accordance with the experimental results.
PFC2D was initially used for the analysis of discontinuous media like rocks and soil
mechanics, but recently its application is being explored for continuous media like ceramics. In
future PFC2D can be used for more continuous media and for different machining processes for
the analysis of fracture. It can be also used to study the behaviour of other non – metals under
different kind of loading or different machining processes. If the software is developed to an
extent where we can simulate and study the results of actual destructive testing methods then the
need for expensive laboratory setups to determine the behaviour of ceramic materials under
loading can be eliminated. Further this software can be utilized to understand the behaviour of
non homogeneous material like ceramic when stressed which may be helpful in understanding
fracture mechanics better.
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Appendix – A
Indentation Test
1. Code to generate the sample:
; Filename: Agp.DVR
;
; ===================================================================
new
set safe_conversion on
set random=1200 ; for reproducibility
set disk on ; model unit-thickness cylinders
;SET logfile cluster.log
;set log on
;
set gen_error off
SET echo off ; load support functions
call md_bending.FIS
call et2.FIS
call flt.FIS
call cluster.FIS
SET echo on
; ===================================================================
SET md_run_name = 'Agp'
title
Agp (material-A, gross resolution, parallel-bonded)
; ===================================================================

; Specify parameters that control the specimen-genesis procedures
;
SET et2_xlen=20.0e-3 et2_ylen=7.0e-3
SET et2_radius_ratio=2.0 et2_rlo=0.5e-4
;Set et2_rlo=0.6e-3
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SET md_wEcfac=5.0
SET tm_req_isostr=-1.0e7 tm_req_isostr_tol=0.50
SET flt_def=3 flt_remain=0.0

; Specify parameters that define a parallel-bonded material
SET md_add_pbonds=1
SET md_dens=3200.0
SET md_Ec=220e9 md_knoverks=1.3
SET pb_radmult=1.0 pb_Ec=220e9 pb_knoverks=1.3
SET md_fric=0.4
SET pb_sn_mean_btn=1600e6 pb_sn_sdev_btn=400e6
dev = 280

; initially mean = 1400, std

SET pb_ss_mean_btn=3200e6 pb_ss_sdev_btn=800e6
dev = 280

; initially mean = 1400, std

;
set tm_steps=100000
;

------- for clusters

SET md_clusters=1
SET pb_sn_mean=1e30 pb_sn_sdev=0.0
SET pb_ss_mean=1e30 pb_ss_sdev=0.0

SET EXTRA ball 3
SET cl_size=3
SET cl_bslt=1

; ---------------- ---------SET et2_prep_saveall=1
et2_prep ; invoke the specimen-genesis procedures
;call indentation.txt
; ===================================================================
return
; END OF Filename: Agp.DVR
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2. Code for the Indentation test
;fname: Indentation.DVR

(Programm for Indentation test)

;
new
restore Agp-spc.sav
;
SET echo off

; load support functions

call %itascaFishTank%\FishPfc\md\fishcall.FIS
call %itascaFishTank%\FishPfc\md\crk.FIS
crk_init
delete wall 2
;solve
;
; ==============================================================
def loadball
x1=et2_xlen/4
x2=-x1
y1=et2_ylen/2 + brad
y2= -y1
x6=et2_xlen
y3=-et2_ylen
x5=x3/4
x4=-x5
x3=-x6
x10=-2*brad
y10=y1+brad
x11=-x10
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y11=y10
command
ball rad=brad id=19507 x=0 y=y1
wall id 10 nodes (x11,y11) (x10,y10)
;wall id 11 nodes (x3,y3) (x4,y3)
;wall id 12 nodes (x5,y3) (x6,y3)
end_command
command
prop dens=3200.0 kn=1e11 ks=1e11 fric=0.0 range id=19507
wall id 10 ks 1e11 kn 1e11 fric 0.0
;wall id 11 ks 1e11 kn 1e11 fric 0.0
;wall id 12 ks 1e11 kn 1e11 fric 0.0
end_command
end
; ===================================================================
def acc_wall
;
; ----- Accelerate the wall in controlled fashion to achieve
;

final velocity of [w_vel] over approximately [w_cyc] cycles

;

in [w_stages] stages.

;
; INPUT:

vel_w

- final platen velocity

(float)

;

cyc_w

- total number of cycles

(integer)

;

stages_w - number of intervals

;
dv_w = vel_w / stages_w
niter_w = cyc_w / stages_w
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(integer)

vel_w = 0.0
loop ap_ii (1,stages_w)
vel_w = vel_w + dv_w
fvel_w = vel_w
command
wall id=10

yvel= vel_w

cycle niter_w
end_command
end_loop
end
; ===================================================================

set brad=2.25e-3

; 1.98

loadball
fix x range id= 19507
property xvel=0

range id= 19507

;fix y ra id=19506 19505
;property yvel=0 ra id= 19506 19505
free spin ra id= 19507
set vel_w=-2.0
SET

cyc_w=400

; 2.0
stages_w=10

acc_wall
history id=20 diagnostic mcf id 19507
hist id 11 wall yforce id 10
;plot create figure_cluster
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plot add ball
plot add wall
plot add cluster ac on id on
;plot add velocity red
;plot add fish flt_item
;plot add fish crk_item
;plot show

SET md_run_name = 'Crack'
title
Crack

plot create figure_crack
;plot add ball
plot add wall
plot add fish crk_item black
plot show

SET md_run_name = 'Load'
title
Focre on the laoding ball
plot create Force_on_loading_ball
;plot add wall
;plot add ball
plot add hist 11
;plot add hist 20
plot show
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cyc 35000
save Indentation1.SAV
;
return
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Appendix – B
Four – point bending test
1. Code to generate the sample with no defects.

; Filename: Agp.DVR
;
; <comments removed. . .>
; ===================================================================
new
set safe_conversion on
SET random=10000 ; for reproducibility
SET disk on ; model unit-thickness cylinders
;SET logfile cluster.log
;set log on
;
SET echo off ; load support functions
call md_bending.FIS
call et2.FIS
call flt.FIS
call cluster.FIS
SET echo on
; ===================================================================
SET md_run_name = 'Agp'
title Agp (material-A, gross resolution, parallel-bonded)
; ===================================================================
; Specify parameters that control the specimen-genesis procedures
;
SET et2_xlen=25.0e-3 et2_ylen=7.0e-3
SET et2_radius_ratio=2.0 et2_rlo=0.5e-4
;Set et2_rlo=0.6e-3
;
;set et2_tunnel=1
SET md_wEcfac=5.0
SET tm_req_isostr=-1.0e7 tm_req_isostr_tol=0.50
SET flt_def=3 flt_remain=0.0
; Specify parameters that define a parallel-bonded material
;
SET md_add_pbonds=1
SET md_dens=3200.0
SET md_Ec=220e9 md_knoverks=1.3
SET pb_radmult=1.0 pb_Ec=220e9 pb_knoverks=1.3
SET md_fric=0.4
;SET pb_sn_mean_btn=1400e6 pb_sn_sdev_btn=280e6
SET pb_sn_mean_btn=1600e6 pb_sn_sdev_btn=400e6
;SET pb_ss_mean_btn=1400e6 pb_ss_sdev_btn=280e6
SET pb_ss_mean_btn=3200e6 pb_ss_sdev_btn=800e6
;
set tm_steps=100000
; ------- for clusters
SET md_clusters=1
SET pb_sn_mean=1e30 pb_sn_sdev=0.0
SET pb_ss_mean=1e30 pb_ss_sdev=0.0
SET EXTRA ball 1
SET cl_size=15
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SET cl_bslt=1
; ---------------- ---------SET et2_prep_saveall=1
et2_prep ; invoke the specimen-genesis procedures
;call pbstrength.txt
;call c:\budong\cluster\stone\Brazilian.txt
;call c:\budong\cluster\stone\Compression.DVR
;call Bend4p.DVR
; ===================================================================
return
; END OF Filename: Agp.DVR

2. Code to generate the sample with material - inherent defect (void).
;fname: manufacturingdefect.DVR
manufacturing defect)
;
new
restore Agp-spc.sav

(Programm for creating a sample having a

delete wall 1
delete wall 2
delete wall 3
delete wall 4
;
SET echo off
; load support functions
;call %itascaFishTank%\FishPfc\md\fishcall.FIS
;call %itascaFishTank%\FishPfc\md\crk.FIS
;crk_init
macro Hole 'circle center -2.5e-3 2.9e-3 rad 0.3e-3'
del ball range Hole
plot add wall
plot add ball
plot show
save Bend4p2.sav

3. Code to generate the sample with machining – induced defect (crack).
;fname: creatingsample.DVR (creating sample with initial cracks)
;
new
restore Agp-spc.sav
;
SET echo off
; load support functions
call %itascaFishTank%\FishPfc\md\fishcall.FIS
call %itascaFishTank%\FishPfc\md\crk.FIS
SET echo on
crk_init
;
;pause
;
;delete ball 1
;delete ball 2
;delete ball 3
;his reset
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;delete wall 1
delete wall 2
;delete wall 3
;delete wall 4
solve
;
; ==============================================================
def loadball
; generate support and loading balls
y_low=-0.5*et2_ylen
y_up=0.5*et2_ylen
x1=-L_4p/3
y1=y_low-brad
x2=L_4p/3
y2=y1
x3=0
y3=y_up+brad
x4=L_4p/8
y4=y3
x10=x3-2*brad
y10=y3+brad
x11=x4+2*brad
y11=y10
command
;ball rad=@brad id=50001 x=@x1 y=@y1
;ball rad=@brad id=50002 x=@x2 y=@y2
ball rad=@brad id=50003 x=@x3 y=@y3
; ball rad=@brad id=50004 x=@x4 y=@y4
wall id 10 nodes (@x11,@y11) (@x10,@y10)
endcommand
command
prop dens=3200.0 kn=1e11 ks=1e11 fric=0.0 ra id=50001,50004
wall id 10 ks 1e11 kn 1e11 fric 0.0
endcommand
end
; ===================================================================
def acc_wall
;
; ----- Accelerate the wall in controlled fashion to achieve
;
final velocity of [w_vel] over approximately [w_cyc] cycles
;
in [w_stages] stages.
;
; INPUT: vel_w
- final platen velocity
(float)
;
cyc_w
- total number of cycles
(integer)
;
stages_w - number of intervals
(integer)
;
dv_w = vel_w / stages_w
niter_w = cyc_w / stages_w
vel_w = 0.0
loop ap_ii (1,stages_w)
vel_w = vel_w + dv_w
;
fvel_w = vel_w
command
wall id=10 yvel= @vel_w
cycle @niter_w
end_command
end_loop
end
; ===================================================================
def deflection
wid=10
wp=find_wall(wid)
deflection=w_y(wp)
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end
;=====================================================================
;
set brad=2.25e-3
set L_4p=et2_xlen ;L1_4p=20e-3
;set L_4p=22.86e-3 L1_4p=10.16e-3
;based on Smith and Quackenbush
;set D_4p=6.35e-3 b_4p=2.59e-3 h_4p=1.27e-3 ;Smith and Quackenbush
loadball
plot create crack
;plot mod ball id=1 yellow
;plot add ball
plot add wall
plot add fish crk_item
;plot add cluster ac on id on
plot show
;plot add vel red
;
fix x range id=50001,50004
property xvel=0 range id=50001,50004
fix y range id=50001,50002
property yvel=0 range id=50001,50002
free spin range id=50001,50004
;
;set vel_w=-0.0083e-3 ; This is the ASTM standard speed (5mm/min)
set vel_w=-2.0
SET cyc_w=400 stages_w=10
acc_wall
;
;wall id 10 yvel -0.2e-3
;prop s_bond=5e5 n_bond=5e5
hist id 11 wall yforce id 10
hist id 12 deflection
set display his 11 ; add hist-11 to the status report while cycling
set display his 12
;
plot create Load
plot add hist 11
plot set title text 'Load vs step'
;plot show
;
plot create Displacement
plot add hist 12
plot set title text 'Displacement vs step'
;plot show
;
cyc 35500
save bend4p1.SAV
;
return
; ==============================================================
;EOF: bend4p.DVR
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